Abstract. Three different dielectric barrier-controlled discharge regimes in helium at atmospheric pressure under sinusoidal excitation have been obtained by varying the excitation frequency or the gas chemical composition: the filamentary discharge, which is the discharge that is usually obtained; the glow discharge, which is controlled by cathode secondary emission; and the homogeneous discharge, which is of a nature in between those of the filamentary and the glow discharges. All the characteristics that have been studied, such as the discharge current, the emission spectrum, the wettability and the chemical transformations of a polypropylene film, are related to the discharge-regime variation. The glow discharge is clearly more efficient than the others as a means of increasing the polypropylene-surface energy. Values as high as 62 mJ m −2 are obtained with this discharge whereas the maximum value after interaction with the filamentary one is 45 mJ m −2 . This improvement in wettability is due to there being more O atoms implanted at the surface as well as to the addition of N atoms. The differences among in surface transformations have been correlated to the characteristics of these different discharges and more specifically to the localization of the electrical energy transfer into the gas and to the nature of the ions created during the discharge.
Introduction
Owing to their suitability for industrial processes, especially the possibility of using then for on-line treatment, corona treatments are widely used for industrial purposes such as modifying the wettability or the adhesion of polymers. The corona treatment of polymers is due to the interaction of the material with a dielectric barrier-controlled discharge (DBD). It is realized in air at atmospheric pressure by applying a low-frequency voltage (50 Hz to 100 kHz) to two parallel electrodes. The polymer is on one of the electrodes, which is covered by a dielectric layer. Even though this treatment is very useful, it has at least two drawbacks, namely the lack of uniformity and the limitation of surface transformations. This is due to the fact that, at atmospheric pressure, for a gap of some few millimetres, the product of the pressure and the gap, P d, is so high (some 100 Pa m) that the discharge is normally a filamentary discharge (FD) made up of small canals, about 100 µm in diameter, crossing the gap [1] . The rate of treatment is then not uniform over all the surface while only a fraction of the surface directly interacts with a discharge canal. This localization explains the lack of treatment uniformity and also the limitation of surface transformation, for a part of the surface can be degraded before the rest is sufficiently transformed. The treatment efficiency is also limited by the use of air as a treatment atmosphere. In air the chemical transformation of the surface causes essentially an increase in the number of oxygen atoms at the surface of the polymer, which is not always the most appropriate transformation when one wants to increase adhesion.
Because of these two drawbacks of the corona treatment, the atmospheric pressure glow discharge (GD) which has recently been obtained using operating conditions similar to those of FD seems to be of great interest for polymer-film treatment [2] [3] [4] . It results in such a homogeneous treatment that deposits can be realized [5] . Since the physics of FD and GD are very different [2] , it is of interest to compare these discharge behaviours as well as their effects on a polymer surface. In the case of polypropylene films, treatments obtained with a filamentary discharge in air and with a glow discharge in helium have previously been compared [6] . Helium has been chosen for GD because it is the most appropriate gas to use when one wants to realize a glow discharge at atmospheric pressure. Air is the usual atmosphere for a corona treatment. Results show that the helium GD is more efficient than is the air FD at increasing the polypropylene wettability without decreasing the bulk electrical properties below a certain level. Contact-angle scattering as well as leakage-current measurements confirm that the GD clearly results in a more reproducible and homogeneous treatment than does the FD. On the other hand, the transformation of the chemical composition of the surface is different: FD in air introduces only oxygen at the surface whereas GD in helium introduces oxygen and nitrogen. Because the two types of treatments have been realized in different atmospheres, it was difficult to distinguish the effect of the gas from that of the discharge. Therefore, the aim of the present paper is to correlate the discharge properties and the surface modifications unambiguously. To reach that goal, the effects of FD and GD obtained in helium have been compared.
Helium is a very appropriate gas for this study because it is easy to obtain the two kinds of discharges in this atmosphere. The discharge regime mainly depends on the excitation frequency and the impurity ratio in helium [2] . Because it is well known that the chemical composition of the gas has a great influence on the surface transformation, we changed the excitation frequency, keeping exactly the same atmosphere, for the main part of this comparative study of FD and GD. We studied the effect of the gas composition only to confirm our results. In the first part of this paper the experimental set-up is described. Then results concerning the discharge and the surface transformations are presented. Firstly, FD and GD are compared.
Secondly, because the transition between FD and GD occurs gradually, results obtained with the transition discharge are outlined. The aim of the last part is to explain the correlation between the discharge behaviour and the surface transformations.
Experimental details
The experimental set-up used to study the GD and the FD is shown in figure 1 . The discharge is produced between two plane-parallel dielectrics metalled on their rear over a surface 4 cm in diameter. The metallizations constitute the electrodes. For this study, the dielectrics are alumina (Al 2 O 3 ) plates and the polymer film to be treated is deposited on the lower dielectric plate. The gas gap is 5 mm. The electrodes are connected to a power supply which allows one to vary the frequency, F , in the range 1-30 kHz.
Six films can be treated without opening the reactor thanks to a turning plate which rotates and translates by means of a motor system. After introduction of the sample into the reactor, a primary vacuum pumping is carried out until a residual pressure of 10 −3 mbar is reached, then helium (He, N55 from Air Liquide which contains less than 2 ppm of O 2 and H 2 O) is introduced, raising the pressure to 1 bar. A gas-injection system allows one to renew the gas between the two electrodes during the treatment. The flow rate is controlled and the pressure is maintained constant by a calibrated leakage. The six samples are successively treated. Then the cell is rapidly opened and the polymer characterization process starts.
The discharge is characterized by short-exposure-time photographs of the gap, electrical measurements and emission spectroscopy. These measurements are performed during the polymer treatment. Photographs are taken with an intensifier CCD camera triggered by the voltage applied to the gas gap. When the discharge current is periodic, a delay allows one to follow the evolution of the light distribution in the gap as a function of the current. The discharge current, I , is measured through a 50 resistor in series with the grounded electrode. The applied voltage, V , and the current variations with time are visualized on a 2 GHz sampling oscilloscope. The average power, W , of the discharge is calculated, following equation (1) , from the measurement of the current and the voltage over one cycle.
where T = 1/F . The light emission from the gap is observed through a quartz window using an achromatic length to focalize the discharge light onto the entrance of a monochromator with a 27 cm focal length lens with a 150 lines mm −1 grating coupled to an intensifier CCD camera. The resolution of this system is 3 nm.
The polymer studied in this study is 8 µm thick pure-grade polypropylene film, which is used for building capacitors. The evolution of the surface is brought out by static contact angle measurements and ESCA. Static contact angles are measured from the profile of 2 µl liquid drops placed on the surface of the polymer film. The contact angle is determined with a goniometer. The time elapsed from the end of a film treatment to the beginning of its characterization is about 30 min. The variation of the contact angle measured for samples of the same batch is the same as that obtained for samples of different batches. For the water contact angle, nine measurements are made on each sample with de-ionized water. The liquids used for calculation of the surface energy are formamide, diodomethane, ethylene glycol and water. The method is that of Owens and Kaeble. The chemical composition of the surface has been determined by ESCA measurements which were made 24 h after the treatment. After the treatment, the samples are kept in dry air.
Results obtained with FD and GD

Gas-phase behaviour
It has been shown [2] that, under the conditions described previously for an excitation frequency of 10 kHz, the discharge is a glow one. It is characterized by a periodic current constituted of one discharge pulse each half cycle (figure 2) and an inverse current peak observed when the polarity of the voltage applied to the gas changes. Another way to ascertain that the discharge is a GD is to take photographs with an exposure time of the order of the streamer-development duration, namely 10 ns. This allows one to check that the discharge is always radially uniform and that it covers the entire surface of the electrodes. Figure 3 represents the picture taken when the discharge current is at its maximum. The light is clearly localized near the cathode, namely in the cathode and the negative glow. Then the Faraday dark space and the positive column are observed in accordance with the spatial distribution of glow discharge light [7] .
When the frequency is decreased to 1 kHz, all the other parameters being maintained constant, the discharge current (figure 2) as well as the 10 ns picture of the gap (figure 3) clearly show that the discharge is a FD. It is constituted of several canals of some few 0.1 µm in diameter developing independently and crossing the whole gap. Note that, on looking at the discharge, whatever the frequency, it seems homogeneous. Nevertheless, under the conditions used, a GD is obtained for an excitation frequency of 10 kHz, whereas a FD develops for an excitation frequency of 1 kHz.
Emission spectroscopy in He is always of great interest because excited states of He are very efficient at exciting all the impurities present in the gas [8] . The emission spectra obtained during the treatment of polypropylene films with FD and GD are shown in figure 4 . Since there is a ratio of 15 between the amplitudes of the GD and the FD spectra integrated over half a cycle, the spectra have been normalized at 337 nm (the N 2 (0-0) first negative system). The emission line and bands for the two discharges are the same. They are that of the He line at 706 nm and those of impurities (N 2 second positive system, N + 2 first negative system, CO 2 Fox, Duffendack and Backer system, CO + first negative system and OH 306 nm system). Before treatment, the maximum concentration of impurities in the gas is 5 ppm. Therefore, we think that the impurities are mainly desorbed or etched from the polymer and alumina surface during the discharge. As we showed previously [9] , He, N 2 and CO 2 emissions are due to a direct electron excitation, but N + 2 , CO + and OH emissions are mainly due to collisions with heavy particles (He 2 3 S or He 2 ). The order of magnitude of the density of these particles is the same as that of electrons and ions, about 10 11 cm −3 [10] . An important observation is that CO + and CO 2 emissions are observed only when a polymer is in contact with the discharge, showing that these emissions are related to polymer etching.
The main difference between FD and GD spectra is their amplitude: over a cycle, the FD spectrum is 15 times less intense than the GD spectrum. This is a significant difference as the variation in the electrical energy dissipated in the gas is only 0.2 times in favour of the GD. Even though the emission bands are the same, their relative amplitudes are very different. The spectrum has been normalized relative to the N 2 (337 nm) amplitude, a band emission due to direct electron collision. Firstly, in the case of FD the contribution of CO 2 and CO + is very low. Because these two species are excited in different ways, via the Penning effect for CO + and direct electronic collision for CO 2 , the lower level of emission in the case of FD is attributed to there being lower densities of CO 2 and CO, which indicates that the FD removes less carbon from the surface than does the GD. Secondly, the N u ) + He), directly in the excited state, leading to the observed emission [11] . Then, the emission of N + 2 being higher than that of N 2 in the case of a GD can be attributed to the density of metastable He species being higher than that of electrons. Because the energy dissipated over half a cycle is nearly the same in the two cases, it can be concluded that the electrical energy is not transferred in the same way in the two cases: the metastable He species:electron ratio appears to be higher in the case of a GD than it is in the case of a FD.
Polymer-surface transformations
To determine the differences between polypropylene modifications due to the interaction with a FD and that with a GD, we performed surface treatments with excitation frequencies of 1 kHz for FD and 10 kHz for GD using the same helium atmosphere. In both cases, the maximum value of the surface energy has been determined by varying the amplitude of the voltage and the treatment duration. The influence of these parameters on the contact angle after interaction with a GD has been reported previously [6] . Concerning the FD, for values of the applied voltage lower than 800 V RMS, the contact angle of water increases with the amplitude of this parameter but no significant variation is observed for higher voltage values. So 820 V RMS has been chosen for both discharges. The influence of the treatment duration is shown in figure 5 . After 3 min, there is no significant evolution of the surface-energy value. Because the same behaviour is observed for a shorter treatment duration in the case of GD, 3 min was taken as the treatment duration for the comparison of the two treatments.
Before treatment, the surface energy of the polypropylene is 27 mJ m −2 . The non-dispersive component of this energy is equal to 0. After interaction with a GD, surfaceenergy values of up to 62 mJ m −2 are obtained, whereas the maximum value after interaction with a FD is 45 mJ m −2 . The dispersive energy is 30 mJ m −2 after a GD and after a FD and the non-dispersive component increases to 31 mJ m −2 after a GD and to 15 mJ m −2 after a FD. It is to be noticed that the surface-energy values found after a FD in helium are the same as those observed after a FD in air, on controlling the treatment in such a way as to avoid diminution of the bulk property below a specified level [6] .
The evolution of the surface energy after treatment is an important parameter because in some applications processes like printing and binding are usually not performed immediately after the discharge treatment and it is well known [12, 13] that plasma-treated surfaces evolve after the treatment, especially after the corona treatment [14] . The evolution of the wettability has been studied for 1 week. The results are shown in figure 6 . A good stability is observed in the case of a FD with respect to that for a GD even if the treatment duration for 1 kHz is increased to 6 min. In the case of a GD, a rapid decrease occurs during the first 4 h. Nevertheless, 1 week after the treatment, the surface energy for GD-treated surfaces is still higher.
To understand such a large difference between the values of the surface energy observed after the interaction with the two different discharges, we determined the chemical surface composition by ESCA. Before treatment, only a carbon peak was detected. After the treatment, carbon, nitrogen and oxygen peaks were observed. The proportion of each element as a function of the treatment duration is reported in figure 7 . In the case of a FD, measurements have not been performed for times longer than the saturation time determined from contact-angle measurements. We can notice that the maximum level of transformation is much greater in the case of a GD. There is a difference of a factor of two between the percentage of O at the surface and efficient incorporation of N in the case of a GD. These results are in accordance with surface-energy measurements. The energy of the ESCA peaks tends to indicate that N is associated with amine groups. Concerning oxygen, there are probably more double bonds in the case of a GD because the energy associated with the O peak maximum is 532.2 eV for a GD and 531.7 eV for a FD. The levels of transformation are too low for one to perform a precise decomposition which would allow one to identify the chemical functions. The addition of O at the surface of polypropylene after a plasma treatment in an inert gas has been observed often [15] . It is attributed partly to processes occurring after the treatment and partly to reactions with impurities like water or O 2 that are desorbed from the surface. The incorporation of N is more surprising. It can not occur after the treatment [16] ; it has to be due to the N 2 molecules present during the discharge and efficiently excited by He, as shown by the emission spectra of the discharge (figure 4).
Results about the transition from a FD to a GD
Gas-phase behaviour
As we mentioned previously, the transition from a FD to a GD is gradual. Discharge-current measurement is an easy way to follow this transition because FDs and GDs have different electrical characteristics (figure 2). Under our conditions, on increasing the frequency from 1 to 10 kHz, the transition from several current peaks (FD) per half cycle to one is observed to occur in the range 3-4 kHz. Then, up to 7 kHz, the discharge current has one peak each half cycle but it is not periodic, which means that the value of the voltage at which the discharge is turned on varies from one cycle to the following one; that is, the discharge is not stable in the sense that its reproducibility is not perfect. Then, for frequencies equal to or higher than 7 kHz, the discharge current is periodic: the discharge is a GD. Therefore, a transition zone between a FD and a GD is observed. It can be noticed that the exact value of the transition frequency has no meaning in itself insofar as it is very dependent on the proportion of impurities and so are the discharge conditions. The evolution of the average power has also been measured. It increases linearly with the frequency from 0.03 W cm −2 for 1 kHz to 0.35 W cm −2 for 10 kHz. No transition in variation related to the discharge regime can be pointed out.
The study of the transition between a FD and a GD from the point of view of the discharge is not the purpose of this paper. Thus we will only briefly describe the observations that are of interest for explaining the surface transformations. Short-exposure-time photographs taken during the increase of the discharge current peak help one to understand the differences among the transition discharge, FD and GD. Pictures taken when the discharge current is slightly aperiodic (a maximum variation of the breakdown time of 800 ns from one cycle to the following one) are shown in figure 8 . The exposure time is equal to 100 ns. The light first occurs near the anode (in the case of a GD, it is near the cathode). The radius of the discharge seems to be equal to that of the electrode but the radial uniformity is not as good as that in the case of a GD. The light intensity increases a lot near the anode before crossing the gap. The cathode is first reached on one side of the electrode. After that the pictures are very similar to those taken with a GD. The structures of the negative glow and the cathode glow, the Faraday dark space and the positive column (figure 3) are also observed at the maximum of the current and later. The radial uniformity becomes as good as that in the case of a GD. For an excitation frequency of 4 kHz, the same behaviour is observed but the first luminous zone has a radius of about 0.5 cm.
Thus the transition discharge has a behaviour intermediate between that of a FD and that of a GD. The mode of propagation from the anode to the cathode is similar to that of a streamer [16] but the canal radius is at least 500 times larger than that of a streamer and the development time 150 times longer than that of a streamer. Such a behaviour is attributed to the coupling of several streamer avalanches [18, 19] . Differences from a GD are observed only at the beginning of the discharge. They are (i) the initial radius of the discharge, namely the lack of radial uniformity of the light distribution; and (ii) the axial distribution of the light, which is always near the cathode for a GD. The fact that the discharge initially does not cover all of the electrode surface uniformly explains the aperiodicity of the current.
We can conclude that, by varying by the frequency from 1 to 20 kHz, three kinds of discharges can be obtained: FDs from 1 to 2 kHz, GDs from 7 to 20 kHz and something between the two which covers roughly the entire electrode surface and thus can be called a homogeneous discharge, HD.
Because the gas chemical composition has an effect on the discharge regime, we also performed measurements by varying the atmospheric composition. Mixtures of He and N 2 were studied. Maintaining the flow rate of He constant and equal to 420 sccm, we changed that of N 2 from 1 to 10 sccm. The frequency was 10 kHz and the other conditions were the same as those used for the study as a function of the frequency. The different discharge regimes have been distinguished from the discharge-current measurements. A GD is obtained up to 7 sccm of N 2 , between 7 and 10 sccm of N 2 the discharge is homogeneous (HD). A flow rate higher than 10 sccm is necessary if one wants to observe a FD.
Surface transformations
To study the evolution of the treatment when the discharge changes from a GD to a FD, we performed water-contactangle measurements after 3 min of treatment with a voltage amplitude of 820 V RMS and various excitation frequencies. Figure 9 presents the evolution of the contact angle of water drops deposited on the treated polypropylene surface as a function of the discharge excitation frequency. Three different behaviours can be distinguished. On increasing the frequency from 1 to 2 kHz the value of the angle is about 57
• ± 5 • , then from 4 to 7 kHz its value decreases to 32
• ± 2 • and thereon it becomes independent of the frequency. In figure 9 , the limit frequencies of the different discharge regimes have been reported. They have been determined from the discharge-current measurements performed during the surface treatment. A clear correlation between the surface treatment and the discharge characteristics appears. In helium, if the discharge is a FD, the minimum value of the contact angle of water drops is 57
• and the surface energy is 45 mJ m −2 . If the discharge is a GD, this minimum value of the angle is 32
• and the corresponding surface energy is 62 mJ m −2 . If the discharge is a HD, the contact angle value varies from 32
• to at least 52
• . Because the decrease in the contact angle observed after interaction with the GD is partly related to N incorporation (figure 7), it is of interest to examine the results obtained when the percentage of N 2 in He is increased. The water contact angle as a function of the percentage of N 2 is shown in figure 10 . The limits of the discharge regime determined from the discharge current measurements are reported in figure 10 . Contact-angle values are equal to 20
• from 1 to 7 N 2 sccm and then increase up to 40
• for 10 sccm of N 2 . The introduction of a small amount of N 2 induces at first a decrease of the contact-angle value, certainly due to there being an increase in the number of N atoms at the surface. Then, so long as the discharge is a GD, the angle value remains constant, but, as soon as it becomes a HD, the angle increases even through the percentage of N 2 is increased too. The variation of the contact angle due to the change in the chemical composition of the gas maintaining the GD (from 0 to 1 sccm N 2 ) is equal to 10
• . This is small compared with the evolution of the angle following the change of the discharge regime, which is more than 20
• . Thus the relationship between the discharge regime and the level of surface transformation is confirmed by the study of it as a function of the percentage of N 2 in He. The effect of the type of discharge is really dominant over all other treatment parameters, including even the atmospheric composition.
Discussion
The main conclusion of this work is that there is a clear correlation between the polypropylene-surface transformation and the discharge regime. However, two more points arose from this study: (i) it was confirmed that the discharge regime of a DBD in helium is controlled by the excitation frequency and the gas chemical composition and (ii) the surface property was found to be stable after interaction with the He FD. In the following, these three points will be discussed going from the discharge to the surface.
The relation between the discharge regime and the percentage of impurities as well as the excitation frequency can be explained in the following way. Because the discharges used for polymer-surface treatment are of a dielectric barrier-controlled type, they are pulsed discharges [1] . Under a sinusoidal excitation, breakdown mechanisms during half a cycle depend on what happens during the previous half cycle. A GD is observed when the gas breakdown occurs under a low electrical field, allowing the formation of a lot of small avalanches and have progressively increasing the ionization level of the gas [2] . This is possible when enough energy is stored in the gas between two consecutive discharges. The main species controlling the breakdown mechanism are the seed electrons and the metastable species when they are able to ionize the gas by the Penning effect. The higher the densities of electrons and metastable species when the discharge is ignited the easier it is to obtain a GD. Because these species are created only during the discharge, their densities at the time of ignition of the next discharge depend a lot on their rate of destruction during the time separating two consecutive discharges. In helium, a GD is obtained if the excitation frequency is high enough because the higher the frequency, the shorter the time between two consecutive discharges and hence the lower the carrier recombination and the destruction of metastable species between two discharges. The proportion of impurities plays an important role because it controls the density of metastable species at the time of ignition of the discharge. Impurities such as N 2 quench the He metastable states very efficiently. The higher the N 2 density the quicker the quenching of metastable states and, for a given excitation frequency, the lower their density when the next discharge is turned on. Figures 9 and 10 illustrate the evident correlation between the wettability of the polypropylene surface and the regime of the discharge used to treat the film. This is observed whatever parameter is varied to change the discharge. The efficiency of the treatment is clearly not correlated to the discharge power which increases linearly with the frequency. The correlation between the discharge regime and the efficiency of the treatment can be explained from the physics of these discharges. The energy dissipated in the gas per cycle and unit area is nearly the same for a FD, a GD and a HD, but the spatial distribution of this energy differs radially and axially. The short-exposure-time photographs (figures 3 and 8) illustrate this point. We will briefly describe the three discharges in order to have a better understanding of the interaction between the discharge and the surface.
A GD is obtained when the discharge is turned on following a slow increase in the densities of ions and electrons in all of the gas due to the occurrence of a lot of small avalanches under a low field. The ions created in the volume have enough time to reach the cathode before the local field becomes comparable to the applied field. These ions induce a cathodic secondary emission of electrons and a positive space charge near the cathode in a zone which becomes thinner and thinner as the current increases. A numerical GD model [2] allows one to estimate the minimum value of this layer thickness as 400 µm and the maximum value of the electrical field as 15 kV cm −1 , the densities of ions and electrons being some 10 11 cm −3 . From its beginning to its end the discharge is controlled by the cathodic secondary emission and the area of high electrical field is near the cathode which means that it is there that the main part of the electrical energy is transferred to the gas. So the densities of ions, metastable species and all the excited species of the plasma have their maxima near the cathode.
A FD controlled by a dielectric barrier is due to streamer breakdown. This mechanism is observed when the positive space-charge field of a single avalanche becomes comparable to the applied field [20] . In this case, electrons of the secondary avalanches initiated by electrons created by photo-ionization or the photoelectric effect will tend to converge towards the primary avalanche, leading rapidly (within about 10 ns) to the development of a highly conducting channel which bridges the gap from the anode to the cathode. Then, because of the charges in the dielectric, the discharge is stopped. The density of charges is typically 10 14 cm −3 and the radius of the channel is typically 100 µm. The area of high electrical field is like a tip moving from the anode to the cathode. The electrical energy is more or less uniformly dissipated in the entire discharge channel bridging the anode and the cathode.
A HD is certainly due to streamer coupling. This is usually observed after pre-ionization of the gas, leading to the development of several avalanches which overlap before attaining the critical size leading to the formation of a spacecharge field of the order of magnitude of the applied field [18] . Under this condition, the discharge also propagates owing to there being electrons due to secondary avalanches. It looks like a tip of large radius which moves from the anode to the cathode. In our case the radius varies from 2 to 0.5 cm. The level of ionization is lower than that in the case of a FD. The discharge does not stop when the gap is bridged even if the voltage applied to the gas is decreased because of the dielectric charge. This can be explained by considering the formation of a cathode layer, namely a localization of the area where the field is applied. Then, just like in the case of a GD, the discharge is maintained even if the voltage decreases because the thickness over which it is applied becomes thinner and thinner due to the contribution of cathodic secondary electrons. The HD behaviour is clearly in between those of a GD and a FD.
One of the main differences among these discharges is the area between the anode and the cathode where the electrical energy is transferred. This is of importance because, if the excited species of the plasma are created far from the surface, then because the mean free paths at atmospheric pressure are small, a lot of them will return to the fundamental level before reaching the film. This is particularly true for ions which have a mean free path of some micrometres. The film to be treated lies on the lower electrode which is alternatively the anode and the cathode. When the excitation and the ionization of the gas preferentially occur near the cathode, the majority of the ions and excited species (metastable He species and He 2 ) reach the cathode where the sample lies for half the time. This is what happens in the case of a GD. In the case of a HD, the energy is transferred in the bulk of the gas at the beginning of the discharge and then near the cathode, whereas, in the case of FD, the main part of the energy is transferred in the gas bulk. Because at a high pressure the mean free paths are some micrometres, the differences among the spatial distributions of the electrical energy certainly contributes to the differences among treatment efficiencies by controlling the probability of interaction between the active species of the discharge and the surface.
The fact that one of the differences between FD and GD treatments is the density of N at the surface is in accordance with this explanation. N + 2 ions, which dominate the emission spectra in all the cases, certainly play a dominant role. Indeed, when an N + 2 ion reaches the polymer it can recombine with an electron of the material. The reaction N + 2 + e → 2N is well known [16] to take place on the surface where the ion can transfer its excess energy by breaking a chemical bond of the polymer. Then at the same time and in the same place, radicals are created on the polymer and in the gas, increasing considerably the probability of reaction. Because of this mechanism, the actions of N + 2 ions, which are efficiently created in He plasma by the Penning effect, probably exacerbate the importance of the distance between the sample and the place where excited species and more particularly the ions are created.
If N + 2 ions are at the origin of the introduction of N atoms at the surface, one may ask why less than 1% of N is measured by ESCA after FD treatment, that is, why no N + 2 ions reach the surface in the case of a FD. From the comparison of FD and GD emission spectra we concluded that the relative concentration of electrons versus He 2 3 s is higher in the case of a FD. The level of ionization in a FD channel is about three orders of magnitude higher than that in a GD, which means that the electrical field is higher in that case. We know that a GD is obtained only when the field in the gas is maintained just at the limit of breakdown. Under these conditions the contribution of the Penning effect, which is independent of the electrical field, is important in comparison with the direct ionization of He by collision with electrons. So the N + 2 :He + ratio is certainly higher in the case of a GD than it is in the case of a FD. This point, added to the fact that, in a FD, most of the ions are created far away from the surface and recombine before reaching the polymer, explains the low interaction between N + 2 and the polymer during treatment with a FD. Then, the difference between the surface transformations, more particularly the N atom density, reveals a difference between the ionization mechanisms. Because the Penning effect mainly creates N + 2 ions and direct ionization (electron collision) mainly creates He + ions, the variation of the contributions of the two ionization mechanisms is comparable to that of the gas chemical composition but acts only via ions. Such a behaviour indicates the importance of N + 2 ions to the polypropylene-surface treatment.
The third remarkable result is the stability of the surface wettability of polypropylene after He FD treatment: the surface energy does not decrease at all (figure 6). The decrease of polymer-surface energy after the treatment is mainly attributed to the rearrangement of functional groups which move from the surface to the bulk [12] . Chemical reactions with atmospheric contaminant can also lead to surface-energy variations. This is observed especially in the case in which amine or amide species are created by the plasma. For example, hydrolysis of imines to the parent carbonyl [21] has been observed. Such a mechanism is certainly not involved in the stabilization of the film-surface energy after interaction with a FD because a FD does not introduce nitrogen, whereas the mobility of the chemical bonds could be reduced by stabilizing the surface via crosslinking using a noble gas plasma, namely crosslinking via activated species of inert gases (CASING) [13, 22] . Then, crosslinking limits the movement of polar groups from the surface to the bulk and hence the decrease of the surface energy after the treatment. Here, this observation cannot be directly related to the treatment atmosphere because a 16% variation of the contact angle is observed after GD treatment performed in the same atmosphere as the FD treatment. The radial distribution of the discharge canals is a better explanation. In the case of a GD, the entire surface is treated at the same time and in the same way. However, in the case of a FD, ions and electrons are kept in a canal of some 100 µm diameter, but diffusion allows long-living neutral excited species to extend themselves over a larger domain [1] . Then one part of the surface is treated by all the energetic species of the plasma and the other part is treated more by He 2 , metastable He species and photons, leading mainly to crosslinking, which can explain the stability of the treatment.
Conclusion
It is clear, according to the results, that, when the excitation frequency decreases from 20 to 1 kHz or when the percentage of N 2 in He increases at a given frequency, the DBD in helium changes its regime: it shifts from a GD which is controlled by cathodic secondary emission to a FD which is the discharge normally obtained at atmospheric pressure. Between the two, there is a transition regime, the HD. GD is clearly more efficient than the others at increasing polypropylene-surface energy. Values as high as 62 mJ m −2 are obtained with this discharge whereas the maximum value after FD interaction is 45 mJ m −2 . The improvement in wettability is due to there being more O atoms at the surface as well as to the addition of N atoms.
The difference between surface transformations is correlated to the characteristics of these different discharges. The observed stability of the treatment after FD interaction is related to the fact that parts of the surface essentially interact with photons or metastable species which are efficient at crosslinking the polymer surface. There are at least two reasons explaining the differences between the surface-transformation levels. One is related to the helium atmosphere and to the fact that a GD is obtained only if the Penning effect participates efficiently in the gas ionization. In He, the Penning effect leads to the formation of ions different from those created by the collision of a gas atom (He) with an electron. The Penning effect is efficient at creating N + 2 ions which react efficiently with the surface. Hence, the higher the contribution of the Penning effect the higher the N + 2 :He + ratio and, in consequence, the density of N atoms at the surface. The second reason is related to the gas pressure of the treatment and to the localization of the electrical energy transfer into the gas. A FD creates active species in the whole of the discharge canals from the anode to the cathode, whereas a GD preferentially creates the active species near the cathode. At atmospheric pressure, the mean free paths of ions and metastable species are so short that the distance between the place where they are created and the surface to be treated is a major parameter. Because the sample is on one of the electrodes, the percentage of the active plasma species reaching the surface is higher in the case of a GD and the treatment is more efficient.
